I. INTRODUCTION
The deformation and strength behavior of a material is strongly dependent on its microstructural characteristics and loading condition. At the atomistic scale, techniques have been developed to study the behavior of a microstructure under shear deformation regarding possible failure modes of the material, such as dislocations, 1 brittle fracture, 2 or shear band formation. 3 The concept of an ideal shear strength in the displacement of adjacent layers of a defect-free crystalline structure was first studied by Frenkel by assuming the energy to shear atoms along a slip plane followed a sinusoidal function. 4 This was later extended to the generalized stacking fault (GSF), which tracks the change in energy as a function of slip plane displacement to shear two rigid blocks of a crystalline structure out of its equilibrium configuration. 5 Rice later identified the unstable stacking fault energy as the maximum energy encountered along the GSF curve, which was utilized to predict ductile-to-brittle transitions. 6 These studies considered the effect of spatial geometry, or crystal structure, on the shear deformation response using simple interaction potentials. Ogata et al. compared GSF simulations on two FCC crystals, aluminum and copper, and showed the details of their atomic bonding explained the differences in their ideal strength and deformation behavior under shear. 7 These findings indicate that GSF simulations are capable of probing both the spatial and chemical details of an atomistic model. The method has been widely used to study the shear behavior of a variety of material systems including crystalline, 8 ceramic, 9 and amorphous metallic glass. 10 In this work, we apply the GSF technique to the atomistic structure of calcium-silicate-hydrates (C-S-H), the main hydration product for Ordinary Portland Cement (OPC) mixtures, which provides the cohesive glue for cementitious materials. The nanoscale details of this material have been widely studied and debated in the literature. 11 Compared to prior studies, the defective nanostructure and ionic-covalent bonding environment within C-S-H contain complexities that have not been investigated through GSF simulations. C-S-H is structurally heterogeneous with both amorphous and crystalline features. 12 Computational studies of C-S-H are largely based on the atomistic model of a defective tobermorite structure developed by Pellenq et al., which could explain experimental properties such as nanoindentation stiffness and hardness measurements, solid density, and neutron scattering experiments. 13 This model was updated to include the reactive force field ReaxFF, 14 which was fitted through first principle techniques. 15 Due to its layered and disordered structure, multiple interfaces exist within C-S-H. This includes interfaces between defective silicate chains, calcium-oxide sheets, and the interlayer region containing water, hydroxyl groups, and calcium ions that separates adjacent silicate layers. 16 This interlayer region, which we refer to as the composite interface due to its inhomogeneous nature, has been studied through molecular dynamic simulations to classify its structural, mechanical, and diffusive properties. The hydrophilic silicate layers result in the composite interface containing highly confined water molecules with an intermediate structure and dynamics similar to a glassy material 17 that is dependent on the chemical composition of the hydrated structure. 18 Prior computational studies have shown that cohesive forces in C-S-H are mostly due to electrostatic a)
Author to whom correspondence should be addressed. interactions between positively charged calcium ions in the composite interface with the negatively charged silicate layers. 19 These interactions are screened by the presence of water molecules within the composite interface, resulting in localization of strain and a "lubricating effect" under shear deformation. 13 A 3 Â 1 Â 1 supercell of the Pellenq model using ReaxFF investigated chemical reactions within the C-S-H structure, and found that after water dissociation, the system has a distorted three dimensional glassy structure. 20 The model after dissociation was then studied under large affine shear deformations, which quantified the reduced yield strength and hydrostatic stress behavior compared to its crystalline analog tobermorite. 21 These studies highlight the coupling between spatial structure and chemical bonding that exist within the composite interface of C-S-H.
Motivated by observations that the plastic deformation of C-S-H results in relative sliding of silicate layers, 21 we utilize the GSF approach to take advantage of the heterogeneous quasi-layered nanostructure of C-S-H. This is accomplished by localizing our mechanical perturbation to enforce shear deformation between silicate layers, providing a measure of the traction-displacement relationship along the composite interface. Our implementation is novel in that we consider the slip plane within a disordered multi-atom-layer, whereas prior studies enforce slip to occur across a singleatom-layer of a defect-free crystalline structure. Other researchers have looked at the strength of a sharp interface between a metal and oxide, 22 or the rearrangement of atoms within a purely amorphous metallic glass. 10 This approach allows us to extend the knowledge of both GSF techniques and shear traction-displacement relationships for homogenous crystals to the heterogeneous interfaces of C-S-H. We compare GSF simulations to affine shear loading, where no constraints on the direction of sliding are imposed and strain localization can occur naturally in response to the local compliance and molecular interactions. For both methods, we investigate the system-level response through macroscopic quantities such as stress and displacement, as well as local details such as the rearrangement of atoms throughout the C-S-H structure. The result is a detailed picture of deformation mechanisms within C-S-H and implications on the use of GSF techniques on other material systems with similar spatial and chemical complexity.
II. METHODS

A. GSF formulation
To implement the GSF approach with C-S-H, we follow the formulation of Ogata et al., which was utilized to calculate the ideal shear strength of crystalline Al and Cu through first principles calculations. 7 We separate atoms in our model into two rigid layers based on the locations of the composite interface, and apply a relative slip displacement u between adjacent layers. For each increment of u, we monitor the change in the energy of the system. Our molecular statics calculations are performed at zero temperature, and therefore the total energy of the system is due to the potential energy from atomic interactions. We define the GSF energy cðuÞ, as the change in potential energy DEðuÞ of the system normalized by the slip plane area A
For a finite temperature implementation, the Helmholtz free energy replaces the potential energy in Eq. (1). The strain energy density, wðuÞ, may be obtained by normalizing the GSF energy by the number of layers, n; being sheared, and the thickness of each layer in the direction perpendicular to the slip plane area h
We note that, in Eq. (2), the system volume, V ¼ nhA, and that n ¼ 2 is associated with a 2 layer model according to the traditional GSF energy definition, and n ! 1 is associated with affine shear deformation of a bulk microstructure. 7, 23 From the thermodynamic definition of stress, 24 the average shear stress across the slip plane area can be calculated as the derivative of the strain energy density with respect to applied shear strain eðuÞ ¼ u=½nh. This can be rewritten in terms of the GSF energy defined in Eq. (1) as
The maximum value of s occurs at the inflection point of the GSF energy defined in Eq.
(1), and may be associated with an elastic instability of the structure where the atomic structure is irreversibly changed. 25, 26 Past this point, energy is dissipated through inelastic transformational strain. 27 We will use molecular statics simulations to show that for a layered structure, this approach is equivalent to calculating the shear-traction displacement and cohesive interlayer strength at the onset of plastic sliding within the composite interface.
B. Computational methods
Our initial atomic C-S-H configuration was equilibrated for four nanoseconds to allow for water dissociation. 20 We replicate this geometry in the direction perpendicular to the silicate layers (x 3 ), resulting in a 3 Â 1 Â 2 supercell of the original Pellenq et al. structure. Our model contains 4032 atoms arranged in two disordered layers of silicate chains and calcium oxide sheets separated by the composite interface as shown in Fig. 1 . The periodic boundary conditions replicate atoms across the x 3 -axis boundary to act as a single layer. The model has a chemical composition of C 1:65 SH 0:77 0:98H 2 0ðC 1:65 SH 1:75 Þ.
All atomistic simulations were performed with the LAMMPS Molecular Dynamics code 28 and the ReaxFF reactive force field 14 utilizing the Reax/C implementation. 29 The ReaxFF interaction parameters for C-S-H have been implemented and validated through prior work on C-S-H and similar material systems. 15, 30, 31 To equilibrate our structure, we apply an isothermal-isobaric ensemble (NPT) with an external pressure of 0 atm and a temperature of 300 K using a Nose-Hoover thermostat 32 and time step of 0.25 fs with a Verlet integration scheme 33 for 3 ns until the total energy and simulation cell size converged. A 0 atm external pressure was chosen to minimize internal stresses within the structure prior to assessing mechanical properties. Due to the disordered structure of C-S-H, we continue our equilibration for an additional 1 ns to generate a new atomistic structure with statistically identical thermodynamic properties but locally varying atomic positions every 100 ps for a total of 10 unique C-S-H structures. This procedure allows us to assess the sensitivity of our approach. We averaged structural properties of our model over the 1 ns used to generate samples for testing and obtain on average a triclinic box with axes dimensions 39.29 Â 29.40 Â 48.60 Å , and inclination angles a ¼ 92: 14 , b ¼ 87:46 , and c ¼ 125:39 . The tetrahedral coordination of silicon atoms within our structure was constant for all C-S-H samples, with normalized Q n values of Q 0 ¼ 13%, Q 1 ¼ 62%, and Q 2 ¼ 25%, in relative agreement with prior reactive force field models. 20 Reactive force fields have been utilized to observe the dissociation of water molecules throughout the disordered C-S-H structure, and we find that our equilibrated samples had on average 541 6 5 hydroxyl molecules and 317 6 2 water molecules.
For each of our 10 initial structures, we compute elastic and inelastic mechanical properties. For elastic constants, we utilize a finite strain approach at zero temperature. 34 Our affine strain deformation ranges from À3% to þ3% with strain increments of 0.5% in the 6 distinct Voigt loading directions. After each strain increment, we relax the system using a steepest descent minimization and evaluate the changes in the virial stress components. We then perform a least square best-fit over the range of applied strain and calculate the components of the stiffness tensor from the derivative of our best fit equation at zero applied strain. We average off-diagonal components which are obtained twice through our calculations. Using this method, we obtain the elastic stiffness tensor (C ij ), and its inverse the elastic compliance tensor (S ij ¼ C ij À1 ). This information is used to calculate the Voigt-Reuss-Hill bounds which approximate the effective isotropic elastic properties of the atomistic structure. 35 The Voigt method averages stiffness over all orientations assuming a constant strain which provides an upper bound, whereas the Reuss method averages compliance over all orientations assuming a constant stress and provides a lower bound. The Hill definition is the arithmetic average of the two.
For inelastic behavior, we implement the GSF approach and affine shear as shown in Fig. 2 . Both techniques utilize quasi-static loading which is implemented at zero temperature by applying the desired deformation and then relaxing the structure through a steepest descent energy minimization. To implement the GSF formulation described above, we group atoms into layers based on the location of the composite interface, which is defined by examining the locations of silicon atoms along the height of the model (x 3 ). The atoms contained within these layers were constrained in the direction of applied slip displacement (x 1 ) but free to move in all other directions, whereas the atoms within the composite interface are fully unconstrained. We apply a relative slip displacement u 1 , to the middle layer in steps of 0.01 Å . After each displacement increment, an energy minimization is performed to relax the structure. During relaxation, the atoms contained within the silicate layers are still constrained from translating in the direction of applied slip displacement. We monitor changes in the potential energy of the system after minimization with respect to the applied displacement according to Eq. (1).
Our second approach applies an affine shear strain to the entire simulation cell through supercell tilting. Deformation was applied in increments of 0.1% strain, and the system was relaxed after each strain increment. After each energy minimization, we compute the stress component in the direction of the applied shear strain. With no kinetic energy, the pressure tensor is associated with the atomic virial stress of the system. This method has been utilized in prior studies of C-S-H under shear. 13, 20, 21 The affine shear approach applies a linearly varying shear displacement to the entire simulation cell, whereas the GSF approach enforces a uniform displacement across the thickness of the composite interface. To allow for a direct comparison between the two methods, we calculate an equivalent relative displacement across the composite interface for a given applied affine shear strain. Using a simple geometrical relation, the interlayer displacement u 1 is calculated as, u 1 ¼ e 13 h int , where e 13 is the applied affine shear strain and h int is the thickness of the composite interface.
III. RESULTS
A. Elastic stiffness
From our elastic calculations, we obtain the stiffness and compliance tensors which we use to compute the VoigtReuss-Hill bounds. The average and standard deviation for the Hill definition of elastic moduli of our 10 initial C-S-H structures are presented in Table I . Our findings are consistent with other reactive force field studies, 20 validating that our supercell structure of C-S-H containing two silicate layers and composite interfaces is capable of capturing the elastic properties. We compare our computational results with nanoindentation experiments by examining the indentation, or plane stress, modulus and assuming a linear elastic and isotropic material. Our calculated indentation modulus of 70.6 GPa 6 3.7 GPa is within the bounds of experimental values of 65 GPa 36 and 69.0 6 6.8 GPa 37 for C-S-H with a similar stoichiometry. The reported experimental values have been scaled with linear micromechanics relations to compare with our numerical models of C-S-H. 38, 39 Our complete elastic stiffness tensor and additional elastic constants are provided as supplementary material. 40 
B. Inelastic models
After verifying that our C-S-H samples provide consistent elastic properties, we assess the interfacial shear strength along the composite interface. For GSF models, we calculate the GSF energy according to Eq. (1) based on changes in the potential energy of the system. All models show an initial decrease in the total potential energy of the system during the first approximately 0.2 Å of applied slip displacement. A similar behavior has been reported for GSF studies of BCC molybdenum that was attributed to in-plane forces existing along the slip plane, 27,41 which for our C-S-H structure is within the composite interface. The minimum energy observed during this period is utilized as the starting point for subsequent analysis. The resulting GSF energy curves for 5 of our 10 samples are shown in Fig. 3(a) .
For each model, a polynomial curve is fit to the GSF energy as a function of slip displacement. When the strain energy changes from concave to convex, the maximum shear strength has been reached and a global elastic instability has occurred to the C-S-H structure, with further external work on the system resulting in plastic energy dissipation through relative sliding of the silicate layers along the composite interface. Other studies on C-S-H structures have indicated that this inelastic strain is facilitated by deformations of water molecules within the composite interface, 42 which we also observe in our own simulations. Prior to the maximum shear strength, local inelastic atomic rearrangements occur, which are observed as small drops in the GSF energy prior to the occurrence of the maximum shear stress. These local rearrangements lead to an increase in the elastic strain energy of the system, which must be due to a reduction in the stress of atoms surrounding the reorganization. A similar observation was made through affine shear simulations on a bulk metallic glass, 43 as well as our own affine shear simulations.
We evaluate the shear stress as a function of slip displacement by calculating the derivative of our fitted GSF energy functions according to Eq. (3). The smooth shear tractiondisplacement curves obtained for 5 of our 10 samples are shown in Fig. 3(b) , and the results of all 10 samples are presented in Table II . We observe a brief initial linear behavior followed by nonlinear strain hardening until the maximum shear stress along the interface is reached. We obtain an average maximum shear stress of 3.27 GPa 6 0.15 GPa at an applied slip displacement of 1.41 Å 6 0.11 Å . Following the maximum shear stress, a strain softening behavior is observed, which decreases and then fluctuates around zero stress for slip displacements greater than approximately 3.0 to 3.5 Å . For these large slip displacements, the GSF energy has plateaued, signifying that the elastic strain energy of the system is saturated and further external work is dissipated through inelastic sliding. The shear stress calculated according to Eq. (3) is only applicable to changes in stored elastic strain energy of Eq. (1), and is therefore unable to account for the shear traction in the interlayer region due to dissipated energy from plastic deformations.
For the affine shear models, we compute the component of the virial stress corresponding to our applied shear strain and plot it as a function of the equivalent relative interlayer slip displacement as shown in Fig. 4 . The stressdisplacement curve shows many of the same features as those obtained with the GSF approach. We observe an initial linear slope extending to approximately 0.25 Å of slip, followed by nonlinear strain hardening up to the maximum shear strength with multiple stress drops occurring along the curve. These stress drops coincide with drops in GSF energy previously observed due to local inelastic rearrangements that enhanced the elastic strain energy of the material, and would be observed as a reduction in the atomistic stress. A physical interpretation of this avalanche-type behavior is that the accumulation of stress within the structure leads to transitions between metastable states. 44 The identification of a maximum shear stress is less straightforward for affine shear models due to the increasing TABLE II. Maximum shear stress and corresponding slip displacement and principal stress components. For each sample, the maximum shear stress (s 13 ) and corresponding slip displacement (u 1 ) and change in principal stress components (Dr 1 , Dr 2 , Dr 3 ) are shown. The C-S-H samples are labeled based on total equilibration time in nanoseconds.
C-S-H sample
GSF
Affine shear frequency and magnitude of stress drops as the stressdisplacement curve reaches a relatively perfectly plastic plateau. This regime was observed in prior studies and has been attributed to a stick-slip behavior during the relative plastic sliding of silicate layers "lubricated" by the confined water and hydroxyl molecules in the composite interface. 20, 21 To compare with GSF models, we identify the peak stress observed during each simulation. However, we note that many samples show multiple stress peaks of very similar magnitude at slightly different applied slip displacements. We find an average maximum shear strength of 3.46 GPa 6 0.16 GPa and corresponding relative slip displacement of 1.23 Å 6 0.24 Å . Results from all C-S-H samples are presented in Table II .
We observe excellent agreement between the maximum shear strength and corresponding slip displacement computed with the GSF and affine shear approach. Our results are also consistent with those obtained through affine shear loading of a 3 Â 1 Â 1 supercell of the Pellenq model and a reactive force field. 20, 21 Similar to these prior reactive studies, we also observe some reorganization of water and hydroxyl groups within the composite interface under large shear deformations for both GSF and affine models. However, the change in the number of molecules is typically less than 1%, and therefore likely has a small effect on the overall system behavior. On average, affine shear models predict a maximum shear stress that is a 5.8% larger than GSF models. However, we also observe that the principal stress components deviate more for affine shear loading than for GSF, which would lead to an increase in the predicted maximum shear strength for a cohesive-frictional material due to changes in confining pressure. This observation is investigated in detail in Section III C.
C. Principal stress behavior
Fig . 5 shows the differences in the behavior of virial principal stress components along with the computed shear stress during loading of a representative sample. The direction of stress components are defined with respect to the coordinate system (x 1 ; x 2 ; x 3 ) and corresponding atomic displacements ðu 1 ; u 2 ; u 3 ) shown in Fig. 1 . Because these stresses are initially non-zero and vary slightly between C-S-H samples, we plot the relative change with respect to their initial magnitude, e.g., Dr i ¼ r i ðuÞ À r i ðu ¼ 0Þ, where r i ðuÞ is principal stress component i at slip displacement u, and u ¼ 0 is the initial undeformed configuration.
The stresses in the direction parallel to the applied slip displacement ðr 1 Þ show both quantitative and qualitative differences between our two methods of loading. Our GSF implementation constrains atoms in the slip direction by setting the corresponding force component to zero, allowing us to rigidly displace the blocks of atoms. This methodology limits the virial stress component reported for the GSF approach to only contain contributions from atoms within the composite interface, while the affine shear method includes forces computed from all atoms within the supercell. Therefore, the limited change in r 1 exhibited by GSF results is indicative of the compliance of the interface. Affine shear simulations show an increasing trend of r 1 with increasing shear deformation until the maximum shear stress is reached, after which a generally decreasing trend is observed for further slip displacement. This suggests that the build-up of r 1 observed for affine shear models is due to strain within the silicate layers, which is prevented with our GSF approach, and that much of this strain is elastically released along with the onset of inelastic sliding, when the cohesive shear strength of the composite interface is overcome.
For both GSF and affine shear models, the principal stress components normal to the direction of applied slip displacement (r 2 ; r 3 ) initially show relatively little change or slight dilation, followed by a negative trend as the shear stress response becomes increasingly nonlinear. The decrease in principal stresses has been previously observed in C-S-H, and indicates that the structure tends towards compaction under large shear deformation. 21 The stress perpendicular to the plane of the C-S-H layers (r 3 ) shows the highest sensitivity to shear deformation. The r 3 stress is normal to the failure plane defined by the composite interface, suggesting that a Mohr-Coulomb failure criterion may be appropriate at the atomistic scale as has been previously applied to C-S-H models utilizing the empirical force field CSH-FF. 37 However, the variation in other principal stress terms may indicate that a modified Mohr-Coulomb model is also suitable, as has been suggested for amorphous metallic glasses. 43, 45 Mohr-Coulomb type models are commonly used to describe the strength asymmetry in yield and failure of cementitious materials at the macroscale. Fig. 6 shows a comparison of the changes in principal stress components for 5 of the C-S-H samples under GSF and affine shear. For all principal stress components, affine shear models exhibit a greater sensitivity to shear deformation than GSF models, which we attribute to the fluctuating nature of the stress-displacement response for affine shear. Although the stress-displacement response for GSF models is perfectly smooth due to our polynomial curve-fitting procedure, the GSF energy curves (Fig. 3(a) ) of the raw data are relatively smooth up to approximately 2 Å of slip displacement. This indicates that a greater number of atomic rearrangements are occurring for affine shear loading, and explains the increasing trends towards compaction of the overall structure as atoms transition between metastable configurations. We also note that there is a greater variance in principal stress components between different C-S-H samples for affine shear compared to GSF, demonstrating that the approach is more sensitive to differences in the initial internal structure.
To further investigate these results, we monitor the displacement of individual atoms within the C-S-H structure. Figs. 7 and 8 show the computed displacements for each atom type from a representative C-S-H structure at the maximum shear stress for both GSF and affine shear loading. Displacements perpendicular to the layered C-S-H structure (u 3 ), and out-of-plane with respect to the applied slip displacement (u 2 ), are plotted with respect to the position of the atoms along the height of the simulation cell ðx 3 Þ. The boundaries of the composite interface are shown as shaded bands at their appropriate elevations. The greatest atomic displacements are observed within the composite interface for both approaches. As expected from the principal stress behavior, the magnitude of displacements is much greater for affine shear loading when compared to GSF, for both the composite interface and throughout the C-S-H structure.
We can investigate the deformation behavior at multiple interfaces within C-S-H by examining the displacements of specific atom types. Hydrogen and oxygen atoms show the largest displacements in both the composite interface as well as within the layers containing silicate chains. The atoms of the latter case are associated with intralayer water within a FIG. 6 . Relative changes in principal stress components for five C-S-H samples under GSF and affine shear loading. Dr 1 is in the direction of applied displacement, Dr 2 is out-of-plane with respect to shear deformation, and Dr 3 is normal to the plane of the composite interface.
region that has been referred to as the disconnected small pore space. 20 These atoms are weakly bonded to the surrounding structure and therefore exhibit the greatest deformation and extent of rearrangement. Calcium and silicon atoms which form the partially crystalline layers show the least displacement under shear loading. This is especially true for the GSF approach indicating that very little compaction behavior is occurring within the partially crystalline features, and the compaction that was observed is largely due to atomic rearrangements in the composite interface. These local observations agree with macroscale principal stress behavior, and support that GSF load results in a reduced coupling between shear and principal stress behavior.
If we assume that atomistic C-S-H follows a MohrCoulomb model for a cohesive-frictional material, we may use our results to calculate the internal friction coefficient describing the normal-stress dependency of the shear stress, as well as the cohesion describing the shear stress for zero confining pressure. Fig. 9 shows the maximum shear stress (s 13 ) and corresponding normal confining stress (r 3 ) for both affine shear and GSF models. A negative r 3 is indicative of a compressive pressure being applied to the slip plane, while a positive value is associated with a tensile disjoining pressure. The affine shear results span a larger range of confining pressures due to the greater changes in normal stress behavior under shear loading, as well as the larger variance in slip displacement at the observed maximum shear stress. We apply a linear best-fit equation to all of our data points and obtain a Mohr-Coulomb relationship with an internal friction coefficient of 0.30 and cohesion of 3.46 GPa. These results demonstrate that the differences in the averaged maximum shear stress between the affine shear and GSF approach may be explained by the normal stress dependency of the material.
IV. DISCUSSION
Despite the differences in methodology between affine shear and GSF loading, we find many similarities in the stress-displacement response. Our results suggest that the inelastic strength and deformation properties of the bulk C-S-H structure are governed by the behavior along the composite interface. The composite interface between layers of silicate chains may be considered as a defect within the C-S-H structure. Whereas affine shear loading considers C-S-H as a homogenous structure, our GSF approach takes advantage of the layered texture of C-S-H to isolate the mechanical response at this location.
As part of this study, we investigated the connection between local atomic deformations with the global stressdisplacement response of the C-S-H structure to explain variations in the compaction behavior under shear deformation. These details support the reduced coupling between shear and principal stress component deformation observed for GSF loading, as well as the repeated and collective rearrangement of atoms to metastable configurations observed for affine shear. Furthermore, this methodology allowed us to assess the influence of multiple interfaces, both crystalline and amorphous, within the C-S-H structure by modifying our applied perturbation. The ability to understand and connect fundamental microstructural behavior with its global structural response is an application of mesoscale science. 46 This approach is essential to developing multiscale models of complex hierarchical materials.
The traction-displacement response of materials may be utilized to define interactions at larger length scales. For this purpose, we have shown that the GSF technique is appealing for heterogeneous materials due to its ability to assess the mechanical behavior and limiting strength at selected interfaces within an atomistic structure. Previous studies of C-S-H have used interactions observed through affine shear simulations in a multi-scale framework to develop a coarse-grained interaction potential to describe elastic properties on the scale of hundreds of nanometers. 47 However, for cement paste systems, the inelastic behavior of C-S-H at larger length scales have only been accurately described through nonlinear micromechanics models and nonreactive force fields. 37 Nonlinear micromechanics models make assumptions regarding the microstructure characteristics of C-S-H on the order of hundreds of nanometers, so the development of a computational model at this scale that could capture both elastic and inelastic behaviors of the material would strengthen these models and allow for a greater understanding of the role of gel and capillary porosity on the deformation behavior of C-S-H. This challenge may be met with a coarse-grained model incorporating atomic interactions probed from reactive force field models.
To utilize the GSF approach for multiscale modelling of C-S-H, further research is required to assess discrepancies between the atomistic results and experiments. Despite agreement with elastic properties computed for the atomistic C-S-H structure with nanoindentation stiffness measurements, our Mohr-Coulomb model describing inelastic behavior indicates that the calculated cohesion strength of 3.46 GPa is much greater than values ranging from 0.34 to 0.50 GPa predicted from nanoindentation hardness measurements and scaling relations. 39 For defect-free crystalline systems, the shear strength calculated through first principles or molecular dynamic simulations at zero temperature is often referred to as the ideal strength. Therefore, the strength measured here may be considered as an ideal strength obtained for the atomistic C-S-H structure. The ideal strength shows some dependency on the specific configurations of the defects existing along the composite interface as observed through the variation in calculated mechanical properties between samples. We do observe that our calculated normalstress dependency of 0.30 is close to the upper bound of experimental values ranging from of 0.18 to 0.28 that were scaled from nanoindentation tests. 39 In future work, we will further study the behavior of C-S-H under a wider range of multiaxial loading conditions to further assess the applicability of a Mohr-Coulomb law, and perform finite temperature simulations to assess the effect on the traction-displacement response.
Motivated by our success with implementing the GSF technique for C-S-H, we believe that this approach may also be applied to other material systems containing heterogeneous structures or composite interfaces. Similar systems include graphene and polymer structures, collagen and hydroxyapatite in bone, and biological materials with organic and inorganic interfaces. The cohesive strength of these interfaces at the atomistic scale control many of the deformation and fracture properties that are observed at the macroscale, and this technique could be a valuable tool for further studies and applications.
V. CONCLUSIONS
To study inelastic shear behavior, we implemented the GSF technique for a heterogeneous material by enforcing a failure plane along a composite interface within the quasilayered structure of C-S-H. These simulations were compared to affine shear deformations, which treated C-S-H as a homogenous structure and applied no additional constraints. Through our investigation, we find the following:
(1) A GSF methodology can be used to isolate strain along a composite interface within a heterogeneous structure, such as the interlayer region separating silicate layers in C-S-H, in order to calculate the shear traction as a function of applied displacement or strain. (2) GSF techniques which have been developed for relatively simple, defect-free and homogenous crystals may be readily applied to a disordered heterogeneous material with the spatial and chemical complexity of C-S-H. (3) For atomistic models of C-S-H, GSF loading is able to clearly predict the maximum strength at the onset of plastic sliding between layers in close agreement with affine shear calculations. This suggests that the interfacial strength within the composite interface controls bulk shear strength properties of the Pellenq et al. atomistic C-S-H model. (4) For GSF loading, the limitation of strain away from the composite interface results in a reduced coupling between shear and compaction behavior of the C-S-H structure when compared to affine shear simulations. This leads to less fluctuations in the strain energy and stress of the system from local rearrangements of atoms within the partially crystalline silicate layers and calcium oxide sheets. (5) Variation in principal stress components under shear deformation is indicative of a Mohr-Coulomb type failure model, and the behavior is dependent on the selected shear loading methodology.
